Product formation, in particular ketohydroperoxide formation and decomposition, were investigated in time-resolved, Cl-atom initiated neopentane oxidation experiments in the temperature range 550 K -675 K using a photoionization time-of-flight mass spectrometer. Ionization light was provided either by the Advanced Light Source tunable synchrotron radiation or ~ 10.2 eV fixed energy radiation from a H2-discharge lamp. Experiments were performed both at 1 -2 atm pressure using a high-pressure reactor and also at ~ 9 Torr pressure employing a lowpressure reactor for comparison. Because of the highly symmetric structure of neopentane, ketohydroperoxide signal can be attributed to a 3-hydroperoxy-2,2-dimethylpropanal isomer, i.e. from a -ketohydroperoxide ( -KHP). The photoionization spectra of the -KHP measured at lowand high pressures and varying oxygen concentrations agree well with each other, further supporting they originate from the single isomer. Measurements performed in this work also suggest that the "Korcek" mechanism may play an important role in the decomposition of 3-hydroperoxy-2,2dimethylpropanal, especially at lower temperatures. However, at higher temperatures where -KHP decomposition to hydroxyl radical and oxy-radical dominates, oxidation of the oxy-radical yields a new important channel leading to acetone, carbon monoxide, and OH radical. Starting from the initial neopentyl + O2 reaction, this channel releases altogether three OH radicals. A strongly temperature-dependent reaction product is observed at m/z = 100, likely attributable to 2,2dimethylpropanedial.
Introduction
Autoignition of a premixed, very lean fuel-air mixture plays essential role in many advanced combustion strategies that promise to combine low emissions with high efficiency. The homogeneous charge compression ignition (HCCI) engine 1 is one prototypical example. Ignition timing in HCCI engine is controlled by autoignition of a charge upon compression and corresponding temperature rise. In other words, ignition timing is determined by chemical kinetics of a fuel-air mixture. Low-temperature oxidation chemistry, an essential part of a first state of ignition, plays an important role in determining ignition properties of a specific fuel-air mixture before the onset of a second state of ignition, where chain branching occurs by H2O2 decomposition, which leads to a rapid, final ignition. 2 The low-temperature oxidation chemistry that determines the time at which H2O2 decomposition temperature is reached is highly specific to the particular fuel molecule. This chemistry has a very significant effect on ignition timing in HCCI engine: a major portion of total ignition time is determined by low-temperature oxidation. In the current work, low-temperature oxidation of neopentane (2,2-dimethyl propane) is investigated. Neopentane possesses significant low-temperature reactivity, described below, and has simple molecular structure, where all hydrogens are primary and identical. This simple molecular structure results in concise reaction product distribution under low-temperature combustion conditions where highly complex chemistry is often encountered. These properties make neopentane an ideal candidate to investigate low-temperature oxidation chemistry. Low-temperature oxidation of a saturated hydrocarbon, e.g. neopentane, is initiated by formation of an alkyl radical R that further reacts with O2. The R + O2 reaction proceeds via formation of an alkylperoxy radical, RO2, which can subsequently decompose back to reactants or isomerize:
In addition, for an alkyl radical that has hydrogen(s) in β-position with respect to the radical site, both direct elimination from chemically excited RO2 and thermal decomposition of RO2 lead to formation of Q(alkene) + HO2 products.
RO2 → Q + HO2 (2) However, the radical of interest in this work, neopentyl radical (CH3)3CCH2, does not have any β-hydrogen and thus reaction channel (2) forming an alkene is absent. This property makes neopentane an excellent radical source to investigate the chain-branching mechanism experimentally under low-temperature oxidation conditions where hydroperoxyalkyl radical QOOH plays a crucial role. Given the high symmetry of neopentane, relative simple potential energy surfaces (PESs) of R + O2, QOOH + O2, and HOOP=O (ketohydroperoxide, KHP) decomposition reactions can be drawn in a single plot, and a relatively small set of reactions can describe the initial steps of the low-temperature oxidation of neopentane, see Figure 1 . 3 Efficient formation of QOOH radical occurs when RO2 isomerizes to QOOH via six-member transition state. 3, 4 This is also the lowest energy pathway from RO2 and under low-temperature combustion conditions there is often an equilibrium between RO2 and QOOH.
RO2 ↔ QOOH (3)
The carbon-centered QOOH radical (3-hydroperoxy-2,2-dimethylpropyl radical in case of neopentyl oxidation) can dissociate to QO (3,3-dimethyloxetane) and OH-radical in a chainpropagation reaction, see Figure. 1.
QOOH → QO+ OH
Other product formation channels are calculated to have barriers above the energy of the reactants and are not expected to play any significant role. 3, 4 However, in this work we observe isobutene formation even at low temperatures where unimolecular decomposition of neopentyl radical to isobutene and methyl radical is not important. In competition with reaction (4), QOOH radicals can react again with O2, especially at high pressures (p ≥ 1 atm) and high [O2] conditions often encountered in practical combustion systems. Reaction (5) is essential for autoignition because it initiates a mechanism that leads to chain-branching, see figure 1.
QOOH + O2 ↔ OOQOOH (5) The hydroperoxyalkylperoxy radical OOQOOH can efficiently isomerize to HOOPOOH radical which immediately decomposes to OH + HOOP=O, the latter of which is called ketohydroperoxide (KHP, here 3-hydroperoxy-2,2-dimethylpropanal) because it contains both ketone or aldehyde functionality and a hydroperoxy group.
OOQOOH ↔ HOOPOOH → OH + HOOP=O (6) Ketohydroperoxide HOOP=O is a labile closed-shell molecule that can further thermally decompose and release the second OH radical (see Figure 1 ), effectively leading to chainbranching, i.e. together reactions (6) and (7) produce two OH radicals and an ȮPO radical.
HOOP=O → OH + ȮPO (7)
Further reaction of the oxygen-centered ȮPO radical can also lead to reactive radicals and thus increase system reactivity even more. In this work investigations of further reactions of ȮPO play an important role.
Low-temperature oxidation of neopentane has received much attention before. Walker et al. added neopentane to slowly reacting mixtures of H2/O2 at 753 K and determined primary and secondary products under low-temperature oxidation conditions. [5] [6] [7] Their stated primary oxidation products were 3,3-dimethyloxetane, isobutene, acetone, and formaldehyde. They concluded that OOQOOH radical isomerization and decomposition is the source of acetone formation. Later they also performed temperature-dependent neopentane oxidation experiments using the same method. 8 Curran et al. 9 constructed a detailed chemical kinetic model on neopentane oxidation and simulated experimental results of Walker et al. [5] [6] [7] . Their model simulations were, in general, in good agreement with experimental results performed at 753 K. However, of interest to the current work, their model underpredicted methylpropanal formation and they suggested that there are probably other pathways leading to its formation. In a combined experimental and modelling flow reactor study of neopentane oxidation at 8 atmospheres, Wang and Curran et al. 10 both improved their model to fit experimental results performed over temperature range 620 -810 K, but were unable to predict the significant formation of formic acid that was observed. Also interesting for the current work, significant [HCOOH] was observed already at the lowest experimental temperatures, 620 K, where no other reaction products were noticed, and the highest formic acid concentrations were measured around 650 K. Neopentane oxidation has also been studied in a temperature range 800 -1230 K at 1, 5, and 10 atm pressures using the jet-stirred reactor (JSR) by Dagaut et al. 11 Although all neopentane oxidation models discussed above include a chain-branching mechanism where KHP formation and decomposition plays a crucial role, ketohydroperoxide has not been observed before in any neopentane oxidation experiments. KHP formation was observed for the first time fairly recently in low-temperature n-butane oxidation experiments 15 employing jetstirred-reactor (JSR) and more recently ketohydroperoxide formation was observed in dimethyl ether oxidation measurements 16 using JSR. Time-resolved KHP formation and decomposition in low-temperature n-butane oxidation experiments were published only very recently. 17 KHP formation is observed in the current neopentane oxidation experiments; particular attention is focused on understanding the KHP decomposition mechanism, which might also proceed via mechanism(s) other than shown above in equation (7).
Experimental
In this study both low-pressure (p ~ 9 Torr) and high-pressure (p ~ 1 -2 atm) flow reactors were employed. The low-pressure reactor has been described in detail before 18 and the high-pressure reactor (HPR) has been presented recently 17, 19 . Radical chemistry in the low-and high-pressure reactors was initiated by photolytic production of Cl-atoms which then reacted with neopentane producing neopentyl radicals in presence of O2. In both the low-and high-pressure reactor 248 nm photolysis of oxalyl chloride ((ClCO)2 ℎ → 2 Cl + 2 CO) was used to produce Cl-atoms while in a few high-pressure reactor measurements 193 nm photolysis of CFCl3 (CFCl3 ℎ → CFCl2 + Cl) was employed due to high thermal and oxidative stability of CFCl3. An uncoated tubular, heatable quartz reactor was used in low-pressure experiments. Most measurements with the HPR were performed using a more inert quartz tube in contact with photolytically initiated reacting mixture but a few experiments were carried out using a metal reactor. The low-pressure reactor is sampled via a ~ 650 µm hole on the tube wall (i.e. sampling is orthogonal to the photolysis laser beam and tubular reactor axis) whereas the HPR is sampled through a ~ 100 -150 µm hole in the end-plate of the reactor (i.e. sampling is parallel with photolysis laser beam and tubular reactor axis). The sampled molecular beam from the reactors was then skimmed and intersected by ionizing vacuum ultraviolet (VUV) tunable radiation from the Advanced Light Source (ALS) synchrotron. Some experiments were also performed using ~10.2 eV radiation from a H2-discharge lamp. Ionized species were mass-separated using an orthogonal-acceleration, multiplexed photoionization timeof-flight mass spectrometer (MPIMS) where full mass spectra were taken at 20 µs intervals to obtain time-resolved product spectra. Product spectra were typically collected up to 30 -40 ms following photolytic initiation, over which time the experimental conditions (e.g. temperature) remained constant. In order to obtain quantitative information on branching ratios (BRs), timeresolved photoionization spectra were measured by scanning the energy of the ionizing synchrotron radiation. 20 BRs were then determined by fitting absolute photoionization crosssections of pure compounds to time-and mass-integrated photoionization spectra and normalized to one product as a reference compound (here isobutene). 18 The adiabatic ionization energy of 2,2-dimethylpropanedial was calculated at the CBS-QB3 level 21 with Gaussian 09 package 22 . To ensure that geometries were optimized at the global minima, the conformation space for both neutral and cation species was explored by scanning dihedral angles responsible for the orientation of two formyl rotors at ωB97XD/6-311G(2d,d,p) level 23 . All other internal degrees of freedom were allowed to optimize.
Results and Discussion
Scheme 1 shows a reaction mechanism developed by Wang et al. for neopentane low-temperature oxidation starting from neopentyl radical and extending up to the KHP formation. 10 Experiments in the current work were performed both at low and high pressure. While kinetics and yields of specific reactions in scheme 1 change with pressure and effect on observed product yields, the overall oxidation mechanism should not change, meaning that scheme 1 is in agreement with PESs of figure 1 and is applicable to interpret both low-and high-pressure results. Results of lowpressure experiments are discussed first since they help to interpret observations of high-pressure experiments. Table S1 shows products observed in the current experiments. Figure 2 shows the time dependence of RO2 and main products from Cl-atom initiated neopentane oxidation experiments performed at several temperatures using the low-pressure reactor. In these experiments, neopentylperoxy radical RO2 was observed at the radical R = C5H11 nominal mass at m/z = 71 (see fig. 2a ), because the unstable RO2 + cation dissociates and produces R + in the ionization process. Except for a short period just after photolysis, the radical R concentration was always much smaller than [RO2] and observed signal at m/z = 71 thus originated from RO2. This is because at the high oxygen concentration employed the fast R + O2 reaction resulted in rapid RO2 formation. We estimate a lifetime of 0.02 -0.06 ms for radical R after its rapid formation. At T ≥ 625 K also equilibrium R + O2 ↔ RO2 as well as unimolecular decomposition R → CH3 + isobutene starts to play a role. 4, 24 Because unimolecular decomposition of R is already fast at 625 K 24 and the concentration of O2 is high, steady-state (ss) concentration of R remains low ([R]ss /[RO2]ss ≈ 0.03) and signal at m/z = 71 originates practically only from RO2 (see also figure S1). Upon increasing temperature, the normalized signal intensity of RO2 just after fast production decreases due to the combined effect of fast equilibrium R + O2 ↔ RO2 and increasingly rapid unimolecular decomposition R → CH3 + isobutene. Also, RO2 signal decay becomes faster due to increasingly fast and intense oxidation product formation as seen in figures 2b-c. At m/z = 56 product formation (see figure 2b) becomes faster and significantly more intense upon increasing temperature. At the photon energy employed, 10.6 eV, the signal at m/z = 56 originates both from the parent ion of isobutene and from the dissociative ionization of 3,3-dimethyloxetane. Isobutene and 3,3-dimethyloxetane are bimolecular products of two important chain-propagation channels in neopentane oxidation, see scheme 1. At higher temperatures, unimolecular decomposition of neopentyl radical also produces isobutene. The parent ion of 3,3-dimethyloxetane (m/z = 86) is highly unstable and decomposes almost entirely to C4H8 + (m/z = 56) and CH2O (m/z = 30) upon ionization. This can be seen from the absolute photoionization spectrum of 3,3-dimethyloxetane, which was determined in this work and is shown in figure S2 . Figure 3a shows the photoionization spectrum of m/z = 56 signal from an experiment at 625 K and 8.7 Torr pressure, integrated over 0 -40 ms after laser initiation. The spectrum can be precisely fitted using absolute photoionization cross-sections of isobutene (parent ion) and 3,3dimethyloxetane (daughter ion at mass 56) up to ~10.3 eV; dissociative ionization of the neopentane precursor to form mass 56 hampers fitting to higher photon energies, see figure S3 . Below photon energy ~ 9.45 eV only isobutene absorbs and figure S4 compares time-traces of isobutene (integrated over 8.9 -9.45 eV) and isobutene + 3,3-dimethyloxetane (integrated over 8.9 -10.35 eV). Within experimental uncertainty, the time-dependence of these signals agree precisely. This is an expected result since both isobutene and 3,3-dimethyloxetane are bimolecular products of parallel reaction channels, see Scheme 1. Formaldehyde is the by-product of the chain-propagating channel with isobutene, see scheme 1. The time-dependence of the formaldehyde signal at different temperatures is shown in figure 2c. Especially at higher temperatures, the time-behavior of formaldehyde, the only compound at m/z = 30 as shown in figure 3b, agrees well with m/z = 56 behavior. Neither product shows a clear, fast initial rise followed by a slower formation (though m/z = 30 show some such behavior at 590 K). A fast initial rise would be associated with well skipping reaction on the PES, that is a reaction that proceeds from reactants to products without forming a thermalized RO2, and the subsequent, slower formation would originate from decomposition of thermalized RO2 to products. Product formation at m/z = 118 in figure 2d is delayed formation with respect to products observed at m/z = 30 and m/z = 56. Considering that signals at m/z = 30 and m/z = 56 originate from primary products of Cl-atom initiated neopentane oxidation system, then product formation at m/z = 118 could be assigned as a secondary product. This time-behavior at m/z = 118 agrees with the suggestion that signal originates from a ketohydroperoxide, an important and most likely product of QOOH + O2 reaction (see figure 1 ) and a key species in autoignition chemistry. The ketohydroperoxide at m/z = 118 is a -KHP, where one -CH2group separates carbons containing an aldehyde and a hydroperoxy group. -KHP signals in figure 2d are relatively weak due to low oxygen concentration employed which is inherently limited by highest achievable pressures in low-pressure reactor (~ 10 Torr). Intensity of KHP signal increases with temperature up to 650 K after which signal intensity drops upon increasing temperature to 675 K. Figure S5a shows a signal that is observed at m/z = 100 at different temperatures. Probably the m/z = 100 signal originates from 2,2-dimethylpropanedial, which could be produced in a QOOH + O2 → OOQOOH → HOOPOOH* → OH + HOOP=O* → OH + O=P-H =O + H2O water elimination reaction. Figure  S5b shows a measured photoionization spectrum of the signal at m/z = 100 and 675 K. In the absence of absolute photoionization spectrum of 2,2-dimethylpropanedial, vertical ionization potential of (CH3)2C(CHO)2, 9.8 eV, 25 measured using photoelectron spectroscopy, and the calculated adiabatic ionization energy of 9.39 eV can be compared with the spectrum of figure S5b. (The analogous molecule glyoxal shows a similar difference between vertical ionization potential and ionization energy. 26 ) The agreement supports assignment of the m/z = 100 signal to (CH3)2C(CHO)2. In addition to the above products, an unexpected product was observed at m/z = 70, see figure 2e . At temperatures 590 -650 K its formation is clearly fast, assigned above as formally direct product formation, with almost no slower formation from RO2 thermal decomposition at longer reaction times. At 675 K slower formation is also clearly observed. Figure 2f shows the measured photoionization spectrum at m/z = 70 at 675 K, integrated over 0 -40 ms after laser initiation. One possible product at nominal mass 70 would be methacrolein. However, its IE = 9.92 eV 26 does not agree with figure 2f, nor does IE = 9.65 26 eV of methyl vinyl ketone. Instead, adiabatic ionization energy measurements of 1,1-dimethyl cyclopropane, IE = 8.98 ± 0.05 eV (electron ionization measurement) and IE = 9.1 eV (photoelectron spectroscopy measurement) agree well with the spectrum of figure 2f. In addition, the lowest appearance energy determination of 1,1-dimethyl cyclopropane, forming C4H7 + + CH3 at energy 10.47 eV, is in agreement with the figure 2f spectrum. Consequently, in the absence of absolute photoionization spectrum of 1,1-dimethyl cyclopropane, we suggest that observed product at m/z = 70 may originate from 1,1-dimethyl cyclopropane. This is an interesting observation and, if confirmed, would indicate that in the absence of a β-hydrogen, as in the current case of neopentane oxidation, formation of a cyclic alkane is a possible reaction channel. In the current case, reaction channel (CH3)3CCH2 + O2 → 1,1-dimethyl cyclopropane + HO2 is exothermic about 12 kcal/mol, which can be compared with reaction channel (CH3)3CCH2 + O2 → RO2 that is exothermic about 38 kcal/mol. Value can also be compared with similar reaction channel involving a primary radical in n-butane oxidation, n-C4H9 + O2 → 1-butene + HO2, which is exothermic by about 18 kcal/mol. Table 1 compares the branching ratios of oxidation products which were determined in this work experimentally at 575, 625, and 675 K temperatures relative to isobutene under constant total concentration conditions at low pressures. At 575 K formaldehyde (BR = 1.25) and isobutene (BR = 1 by definition) are the main products and BR of 3,3-dimethyloxetane is only about 0.45, although it is often considered as the main bimolecular product of neopentyl + O2 reaction at low pressures. 4 BR of 2,2-dimethylpropanal is 0.16 and it could originate at least partly from radicalradical reactions; the transition state (TS) for its formation from R + O2 is about 3 kcal/mol above the energy of the reactants, suggesting it is unlikely to be an important product of R + O2 reaction. Other products have only small BRs at 575 K. At 625 K, formaldehyde BR remains about the same while BR of 3,3-dimethyloxetane increases significantly and is the same as that of formaldehyde within experimental uncertainty. This suggests that at 625 K and 8.7 Torr the reaction channels leading to 3,3-dimethyloxetane + OH and isobutene + CH2O + OH are the main channels and are of equal importance. Increasing the temperature to 675 K has the effect of decreasing all BRs relative to isobutene, because RO2 decomposes efficiently back to reactants and R subsequently partly decomposes to isobutene + CH3 radical instead of reacting with O2. Formaldehyde BR drops to 0.6 while BR of 3,3-dimethyloxetane decreases to a smaller degree, to 0.85. Again, BRs of other reaction products are small. Using the photoionization spectrum of figure 2f we can estimate a BR of the postulated product at m/z = 70, 1,1-dimethyl cyclopropane, by first assuming a value for its photoionization cross-section at certain energy (here at 10.5 eV), which is set to 9 Mb. This value can be compared with the following photoionization cross-sections at 10.5 eV: cyclopropane 9 Mb, propene 11.5 Mb, and isobutene 11 Mb. Using formaldehyde as reference, a BR ~ 0.08 for 1,1-dimethyl cyclopropane relative to isobutene is obtained at 675 K, 9.4 Torr. Although this value is highly uncertain, comparing this value with Table 1 BRs indicates that 1,1-dimethyl cyclopropane is not a major reaction product.
Low-pressure measurements.

High-pressure measurements.
Measurements at high pressures (i.e. p ≥ 1 atm) are essential to understand autoignition chemistry of combustion systems from several reasons. Practical combustion apparatuses, e.g. HCCI-engines, operate at high pressures. Kinetic models of autoignition and combustion chemistry are almost always developed and optimized for high pressure engine conditions and their applicability to simulate low-pressure experiments is often limited. Experiments performed at low pressures (p ~ 10 Torr) are also inherently limited by highest achievable oxygen concentration; at 600 K and 10 Torr [O2]max ~ 1 × 10 17 cm -3 can be compared with [O2]max at 600 K and 1 atm ~ 1 × 10 19 cm -3 and 2 atm ~ 2 × 10 19 cm -3 . Oxygen concentration is important parameter because of its role in interception of QOOH radicals in reaction (5) that leads to KHP formation. Understanding KHP formation and decomposition kinetics and mechanism are essential for reliable autoignition modelling.
In these experiments, the highest feasible temperature for a certain reaction system using the HPR is limited by auto-oxidation of a reactant mixture, i.e. ongoing oxidation without a photolytic initiation. In the current neopentane oxidation experiments at p ≥ 1 atm, spontaneous oxidation was observed at T ≥ 700 K, i.e. significant neopentane oxidation and product formation occurred without laser initiation. In these experiments, stable CFCl3 photolytic precursor was used. Figure 4 shows results from Cl-atom initiated neopentane oxidation experiments which were performed using the HPR at 1 atm pressure and employing single photon energies of 9.8, 10.2, and 11.7 eV. It can be seen from figure 4a that time-dependent signal at m/z = 56, which originates from isobutene and 3,3-dimethyloxetane as discussed before, shows some intensity already at 550 K and the intensity increases upon increasing temperature to 600 K until at 650 K signal also exhibits an increase with time after first ~ 10 ms following laser initiation. Figure 4b shows the temporal behavior of the signal at m/z = 118, originating from KHP, at different temperatures. In comparison to figure 2d, KHP is formed significantly faster under 1 atm and ~ 60 times higher [O2] conditions. Under high pressure conditions KHP formation (at m/z = 118) and product formation at m/z = 56 have similar time-behavior. This similarity of timescales has also been observed in n-butane oxidation experiments. 17 As expected, KHP signal intensity with respect to other products also increases significantly at higher pressure. In the current case, [KHP]/[RO2] ratio, measured as I(m/z = 118)t = 30 ms /I(m/z = 71)t = 1 ms, becomes about 27 times larger upon increasing pressure from 10 Torr to 1 atm and [O2] from 5 × 10 16 cm -3 to 2.85 × 10 19 cm -3 , as measured by comparing signal intensities of figures 2b and 4b. Figure 5 compares KHP formation kinetics and photoionization spectra at different pressures and temperatures. It can be seen from figure 5a that simultaneous increase in total pressure (× 100) and [O2] (× 50) at 625 K has a relatively small effect on the time profile of KHP formation (but more significant effect on intensity). The change in timescale was more pronounced in case of n-butane oxidation. 17 While KHP formation at low pressure is slower and has significantly lower intensity than at high pressure, the photoionization spectra of KHP collected at varying conditions agree precisely within experimental uncertainty, further supporting the assignment of signal at m/z = 118 as KHP for all conditions. Figures 4c and 4d display the formation of products that potentially originate from KHP decomposition. Scheme 2 shows two mechanisms for the decomposition of -KHP (3hydroperoxy-2,2-dimethylpropanal). Decomposition of -KHP via -O-OH bond rupture to two radicals, OH + ȮPO (reaction 7), to the left from -KHP in Scheme 2, is the well-known KHP decomposition mechanism leading to chain-branching and is included in any kinetic model of fuel low-temperature oxidation. On the other hand, -KHP decomposition via isomerization to a cyclic peroxide intermediate and subsequent decomposition of the cyclic peroxide to a carbonyl compound and an organic acid (to the right from -KHP in Scheme 2), known as a Korcek decomposition, has been suggested 27 only very recently. The importance of this mechanism in gas phase chemistry is still uncertain and experimental work is needed to quantify its contribution. The Korcek decomposition makes the overall reaction chain starting from neopentyl + O2 a chainpropagation reaction mechanism, because it simply converts one closed-shell species to two closed shell species (note that one hydroxyl radical is formed in reaction (7)). This is very different from the KHP decomposition via -O-OH bond rupture, which is a chain-branching reaction mechanism and accelerates system reactivity. Figures 4c and 4d show product formation at masses 46 and 72, which were measured at 11.7 and 9.8 eV photon energies at three temperatures. Both signals have the time-behavior of a tertiary product, i.e. signal time-derivative at t = 0 is zero, and signals have similar time-profiles. At 650 K the temporal profiles overlap, see figure 6b, and as shown in figures 6c and 6d, m/z = 46 signal originates from formic acid and m/z = 72 signal almost entirely from methylpropanal. According to Scheme 2, these are the Korcek decomposition products of 3hydroperoxy-2,2-dimethylpropanal. Figure S6 shows m/z = 46 and 72 signals of figures 4c and 4d, which clearly overlap precisely at each temperature and their formation becomes faster with increasing temperature, supporting their origin in the suggested reaction. There is also a very weak product signal at m/z = 88 at 650 K. However, this signal is far too weak to be fitted and consequently cannot be assigned to isobutyric acid, for example, and due to several sources of formaldehyde observed, no product can be assigned solely to formaldehyde and isobutyric acid channel of Scheme 2. Figures 4e and 4f display formation of products at masses 58 and 70, which are attributed to KHP decomposition and subsequent reactions, see Scheme 3. Signal at m/z = 58 in figure 4e originates solely from acetone; other potential isomers have higher ionization energies than the 9.8 eV photon energy that is employed (IE(CH3COCH3) = 9.7 eV, IE(CH3CH2CHO) = 9.96 eV, and IE(Methyloxirane) = 10.2 eV). 26 It is clear from figure 4e that acetone formation is very small at 550 and 600 K until at 650 K a dramatic increase in signal intensity is observed. By comparing time-behavior of KHP signal (m/z = 118, figure 6a) and Korcek decomposition products signals (m/z = 46 and 72, figure 6b) with temporal behavior of acetone signal (m/z = 58, figure 6a), it can be observed that at 650 K acetone signal formation is even more delayed than that of the Korcek decomposition products. This is in accordance with the mechanism in Scheme 3, where acetone formation requires more kinetic steps, including one additional reaction with O2, than formation of products at m/z = 46 and 72. Similarly to low-pressure experiments, rapid product formation at m/z = 70 is also observed in the HPR experiments, see figure 4f , where a clear yet weak signal appears already at the lowest experimental temperature, 550 K. There is very little change in its intensity or time profile upon heating to 600 K. However, heating from 600 K to 650 K has a strong effect, similar to that observed for acetone. At 650 K signal at m/z = 70 increases linearly after fast formation within ~ 2 ms after photolysis. This slow formation is consistent with methacrolein forms according to Scheme 3. Figure S7 shows the temporal trace of formaldehyde at different temperatures from the same set of experiments as the traces in figure 4 . As shown in Scheme 3, formaldehyde is an intermediate product of the reaction mechanism leading to formation of both acetone and methacrolein. Table 2 shows experimental BRs, relative to isobutene, from measurements performed at 650 K and 1060 Torr pressure using 248 nm photolysis of (ClCO)2 as Cl-atom source. Similar to BRs in the low-pressure measurements, formaldehyde, 3,3-dimethyloxetane, and isobutene are the main products. However, formaldehyde BR, 3.0 ± 0.34, is now much higher than the approximate unity BR at low pressures, while BR of 3,3-dimethyloxetane, 1.64 ± 0.33, is slightly higher than its unity BR at low pressures. Comparison of BRs of low-and high-pressure measurements shows the emergence of new important reaction products, namely acetone, formic acid, and methyl propanal in the HPR measurements. These products and their temperature dependences were already discussed above and now their BRs at one temperature, 650 K, have also been determined. The branching to acetone is significant and the fairly unreactive acetone product is also a marker of the reaction channel which leads to formation of three OH radicals for one neopentyl radical. Significant yields of formic acid and methyl propanal support the current suggestion that Korcek decomposition of γ-KHP plays an important role in autoignition chemistry of neopentane.
Simulations of the HPR conditions and comparison with the current data. Time-and species-resolved information of product formation in photolytically initiated oxidation of a fuel
under low-temperature combustion conditions provides an excellent test-bench for kinetic models of combustion. Bugler et al. have very recently revised the kinetics and thermodynamics of the low-temperature oxidation of alkanes 13 and ignition delay times of n-pentane, iso-pentane, and neo-pentane mixtures were used as validation target for their kinetic model 14 . Their up-to-date model is used here in kinetics simulations to interpret current HPR experiments and conditions as well as enabling comparisons with the model. Current interest in HPR experiments and simulations is centered on formation and decomposition of γ-KHP as well as on formation of subsequent products. First simulations revealed that without any modification to the gas-phase kinetic model of Bugler et al., the simulated KHP signal starts to deviate increasingly from the experimental signal around 10 ms after photolytic initiation, see figure S8 . The simulation predicts that KHP continues to increase linearly also after ~10 ms, whereas the experimental time trace reaches a maximum at about 30 ms after photolysis and decreases afterwards. The disagreement between the simulated and experimental KHP signal implies that an additional sink-term of γ-KHP that does not form OH must be added to the model. At around 1 atm pressure a first-order removal rate coefficient of 58 s -1 was found to deliver nearperfect agreement between experimental and simulated γ-KHP signals. As seen from figure S8, experimental and simulated time-behavior of other main products also agree well within experimental uncertainty. This additional sink term with rate coefficient of ~ 58 s -1 at about 1 atm pressure and in the temperature range ~ 575 -650 K matches the prediction for a diffusion-limited loss of the KHP on reactor walls, i.e. assuming all KHP molecules that reach the reactor wall react rapidly and do not produce OH. Peroxides are known to easily decompose on heated surfaces already below 500 K, supporting current use of a diffusion-limited loss of the γ-KHP on reactor walls in simulations over entire temperature range of this work, 550 -675 K. 28 At 2 atm pressures diffusion-limited loss of the KHP on reactor walls with a rate ~ 29 s -1 was employed because diffusion coefficient is inversely dependent on pressure. In figure 4b experimental γ-KHP signals at three temperatures have been simulated and good agreement is obtained at each temperature. Note that model can simulate changes in KHP signal intensity as temperature is changed. At 650 K more intense signal at longer times is simulated than is observed experimentally. Important for the current work, a very strong temperature dependence of acetone formation is also predicted by the model. BRs at 650 K, 1060 Torr pressure discussed above were also simulated using Bugler et al. model and diffusion-limited loss of the KHP on reactor walls, 58 s -1 , see table 2. In general, there is good agreement between experimental and simulated BRs for the main oxidation products. The experimental BR of formaldehyde, BR(CH2O)exp. = 3.0 ± 0.34, agrees with the simulated value 2.77 within stated uncertainty and both values are much higher than at low pressures. Note that uncertainties shown refer only to a fitting uncertainty. The difference between the measured BR(3,3-dimethyloxetane)exp. = 1.64 ± 0.33 and the simulated value of 2.50 is larger than stated uncertainty. The difference between BR(acetone)exp. = 0.75 ± 0.10 versus 1.06 from simulations can be considered as being in good agreement, especially since acetone is formed "late" in neopentane oxidation process. Larger discrepancies appear for other products. Because BR(methacrolein)exp. < 0.04 ± 0.01 is actually an upper limit due to presence of some 1,1-dimethyl cyclopropane in m/z = 70 signal as figure 4f suggest, simulations predict over three times more methacrolein than is observed in the experiments. Observed BR(HCOOH)exp. = 0.40 ± 0.07 is about twice the simulated value. This might suggest that other half originates from Korcek decomposition discussed above, because Bugler et al. model does not include Korcek decomposition mechanism. Methylpropanal is the accompanying product of the Korcek decomposition of γ-KHP, see Scheme 2, for which BRexp. = 0.90 ± 0.18 is much higher than potential BR(HCOOH) ≈ 0.2 from Korcek decomposition. The kinetic model of Bugler et al. predicts essentially no methylpropanal formation. This suggests that relatively large, slow formation path of methylpropanal is missing. A surface reaction, for example γ-KHP decomposition on reactor walls, could conceivably be responsible for this slow formation, see simulated trace in figure S8 . Also BR(propene)exp. = 0.39 ± 0.07 is significant, yet simulations predict essentially no propene formation. The time-profile of propene formation, however, is similar to γ-KHP formation and therefore must have source(s) other than surface reactions. Discrepancies between experimental and simulated BRs of the main products (formaldehyde, 3,3dimethyloxetane, and acetone) necessitate further discussion. All BRs were determined with respect to isobutene and any difference in yield of isobutene between experiments and simulations would then influence all the above BRs. In low-pressure experiments significant isobutene formation is observed already at 575 K and 8 Torr where the measured BR(3,3dimethyloxetane)exp. = 0.45 ± 0.05 with respect to isobutene, see Table 1 . Increasing temperature to 625 K increases BR(3,3-dimethyloxetane)exp. to 1.21 ± 0.06. In light of the PES of R + O2 reaction shown in figure 1, this is an unexpected result because TS leading to 3,3-dimethyloxetane + OH products is about 4.5 kcal/mol below the energy of the reactants while TS leading to isobutene + H2CO + OH products is about 5.4 kcal/mol above the energy of the reactants. According to PES of figure 1, one would expect much larger than unity BR(3,3-dimethyloxetane) with negative temperature dependency but reverse is observed experimentally. Neopentane oxidation experiments of Wang and Curran et al. 10 indicate that BR of 3,3-dimethyloxetane with respect to isobutene is below unity at 650 K, 8 atm and has a positive temperature dependency, broadly supporting current results. Small discrepancies between experimental and simulated BRs of the main products in the current work could be significantly reduced, if not removed, by reducing yield of 3,3-dimethyloxetane + OH channel in simulations about 20 % and increasing yield of isobutene + H2CO + OH channel correspondingly about 20 %. The simulated BR(γ-KHP) = 2.36 is substantial (remember that γ-KHP sink-term, 58 s -1 , was included in these simulations) and photoionization spectrum at m/z = 118, see figure 5 , almost certainly originates from the γ-KHP. However, because of the lack of absolute photoionization spectrum of γ-KHP formed in neopentane oxidation, or more generally, lack of absolute photoionization spectrum of any KHP, measured spectrum at m/z = 118 cannot be converted to concentration or branching ratio. Very recently Rodriguez et al. 29 estimated absolute photoionization cross-sections of several hydroperoxides, including ketohydroperoxide C5H10O3 that they observed at ~ 600 K in atmospheric-pressure JSR measurements of n-pentane lowtemperature oxidation. Their estimated photoionization cross-section of C5H10O3 ketohydroperoxide, 14.59 Mb at 10.6 eV and 20.55 at 11.0 eV, is the same for n-pentane and neopentane oxidation KHP isomers, 4-hydroperoxy-2-pentanone and 3-hydroperoxy-2,2dimethylpropanal, respectively. Their method for estimating cross-sections would indicate a significant change in KHP ionization cross-section upon increasing photon energy from 10.6 eV to 11.0 eV, which is not supported by the current measurements, see figure 5b. Using absolute photoionization cross-section of C5H10O3, 14.59 Mb at 10.6 eV, would imply BR(γ-KHP)exp ≈ 0.14 at 650 K and 1060 conditions, see table 2. This BR is much lower than simulated BR(γ-KHP) = 2.36 and suggests either that absolute photoionization cross-section of γ-KHP formed in neopentane oxidation experiments is substantially smaller than above estimate, or that the model dramatically overestimates γ-KHP formation. Moreover, as in the absolute photoionization crosssection measurements of 3,3-dimethyloxetane (figure S2) and neopentane ( figure S3) , it is possible that 3-hydroperoxy-2,2-dimethylpropanal dissociates during ionization and parent ion intensity is consequently small. Measurement of the absolute photoionization cross-section of γ-KHP would certainly be invaluable for determining BR(γ-KHP)exp.
To test the kinetic model at still higher temperatures, a further set of experiments was carried out under constant total-density conditions using a more inert CFCl3 photolytic precursor, enabling measurements up to 675 K temperature at 1 atm pressure, see figure 7 . Experimental time-traces at masses 58 and 118 were simulated as before, i.e. using KHP sink-term with rate 58 s -1 . There are significant changes in intensities of m/z = 56, 58, and 100 signals upon increasing temperature from 650 K to 675 K, only 25 K. On the other hand, γ-KHP signal at m/z = 118 shows little change when temperature is increased from 650 K to 675 K; KHP formation is slightly faster at higher temperature. Simulated time-traces of KHP are in good agreement with experiments up to 650 K while at 675 K KHP is predicted to decompose more rapidly than experiments indicate. Experimental signal at m/z = 58, originating from acetone according to Scheme 3, shows very strong increase in intensity once temperature is increased from 650 K to 675 K. The kinetic model of Bugler et al. 13, 14 is able to predict both the time-behavior and increase in intensity of m/z = 58 signal when temperature is changed. Similar to the observation in the low pressure reactor measurements above, product formation at m/z = 100 is also observed in the HPR measurements, see figure 7c. As suggested above, HPR measurements are also consistent with the m/z = 100 signal originating from 2,2dimethylpropanedial, which could be produced in QOOH + O2 → OOQOOH → HOOPOOH* → OH + HOOP=O* → OH + O=P-H =O + H2O water elimination reaction. The signal at m/z = 100 possesses very strong dependence on temperature and the temporal behavior of the signal close to t = 0 is different from that at m/z = 58; the time derivative of m/z = 100 signal at t = 0 is non-zero at 675 K. If the 2,2-dimethylpropanedial arises from a rapid decomposition of chemically activated KHP, as above, it may follow the time behavior of KHP near t = 0. Because 2,2dimethylpropanedial likely does not decompose on reactor walls similar to KHP, the time-behavior of signal at m/z = 100 could be similar to that of KHP without decomposition on walls, see figure  S8 and a simulation using unmodified model. Simulated time-behavior is linear with non-zero time-derivative at t = 0, in agreement with signal in figure 7c. In the model of Bugler et al. no products with m/z = 100 are included. The suggestion that dials (and more generally diones) could be formed in a parallel (but higher activation energy) reaction channel from KHP is a new idea, although dials are very often observed in low-temperature combustion experiments. For example Rodriguez et al. 29 , Pelucchi et al. 30 , and Bugler et al. 31 test and use different reactive routes to predict formation of dials/diones with some success but have difficulty explaining their preferential formation at higher temperatures than ketohydroperoxides. The suggested mechanism may solve this problem. figure S9 . Due to complexity of the system, it is likely this is a result of several competing reactions.
As was already noted in the introduction section, in their detailed modelling work of the experiments from Walker et al., 5, 6 Curran et al. 9 observed more methyl propanal formation than their model was able to predict; we can now suggest that at least some portion of methyl propanal originated from the Korcek decomposition of -KHP. The Korcek decomposition was not included in the Curran et al. 9 model. Similarly, in a combined experimental and modelling flow reactor study of neopentane oxidation, Wang and Curran et al. 10 observed a significant formation of formic acid, which their model was not able to predict. Note that their model did not include Korcek decomposition mechanism nor was methyl propanal measured in their experimental setup. The current and Wang and Curran et al. 10 observations are in agreement with the Korcek decomposition of -KHP to form formic acid and methyl propanal through a reaction channel with lowest ratelimiting energy barrier, which is effective already at temperatures where -KHP decomposition via -O-OH bond rupture is negligible. This low-barrier (but relatively low entropy) Korcek channel is in agreement with theoretical results of Jalan et al. 27 . The model of Bugler et al. 13, 14 employed in the current work did not include the Korcek decomposition mechanism. For better comparisons between results of neopentane oxidation experiments and model simulations, absolute photoionization cross-sections of several products ( -KHP, dimethyl propanedial, 1,1-dimethyl cyclopropane, etc.) would be needed.
Conclusions
In this work KHP formation under neopentane low-temperature oxidation conditions was observed experimentally for the first time. In addition, potential products of Korcek decomposition of -KHP were observed, suggesting that recent theoretically predicted mechanism play a role in gas-phase neopentane oxidation. Although the major neopentane Korcek decomposition products, formic acid and methyl propanal, have been observed previously, in this work these products are observed simultaneously in time-resolved manner, providing new experimental support for this mechanism. At higher temperatures -KHP decomposition via -O-OH bond rupture dominates and subsequent reactions of oxy-radical formed results in formation of acetone, carbon monoxide, and OH radical. Time-resolved signals of -KHP and acetone were measured at several temperatures up to a temperature close to conditions of spontaneous oxidation. Both time behaviors and intensities of -KHP and acetone signals were simulated using NUIGMech_C5_July2015 model and good agreement was observed between results of experiments and model simulations. Strong positive temperature dependency was noticed for formation of ternary product acetone. Formation of a product was observed at m/z = 100, potentially originating from 2,2-dimethylpropanedial, which positive temperature dependency was even stronger than for acetone. Time behavior of -KHP and product at m/z = 100 were similar and secondary to RO2 signal at early times, suggesting 2,2-dimethylpropanedial is formed in a chemically activated QOOH + O2 reaction in parallel with of -KHP. 
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